Abstract: LiFePO 4 is considered to be one of the most promising cathode materials for lithium ion batteries for electric vehicle (EV) application. However, there are still a number of unsolved issues regarding the influence of Li and Fe-site substitution on the physicochemical properties of LiFePO 4 . This is a review-type article, presenting results of our group, related to the possibility of the 
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The limit electrical co o magnetic, exhibiting ( t g ↑) 3 (e g ↑) lithium ions between the pathways is impossible due to the high value of the energy barrier equal to 2.2 eV and the long distance >4.5 Å. As can be deduced from E a values, [010] direction is favored, and can be considered as a 1-dimensional pathway for Li + migration, which occurs during charge and discharge of the lithium battery. Such an anisotropic structure with one-dimensional diffusion ways results in the conclusion that a plate-like grain shape with a well-developed (010) surface should exhibit enhanced performance while working in Li-ion cells.
Literature data regarding transference numbers of electronic and ionic conductivity in phosphoolivine are not consistent [4, 5] . However, on the basis of results presented by Maier [6] it is plausible that the electronic component should be dominant. The observed, total conductivity of LiFePO 4 at room temperature is of the order of 10
, with activation energy equal to about 0.65 eV [2, 7] .
There are literature works suggesting relationship between electronic and ionic conductivity in LiFePO 4 [8] . It was observed that faster transport of the small polaron appears together with disordering of lithium cations, which hints at their mutual connection. Therefore high electrical resistivity may be considered responsible for the low values of lithium diffusion coefficient D. Values of D reported in the literature fall over quite a wide range from 10 and their poor reproducibility indicates the strong influence of the material's preparation method [9] [10] [11] [12] [13] .
Delithiation of LiFePO 4 can be generally described as a two phase-type mechanism: 4 . There are several simplified models explaining the nature of this reaction, among them, the so-called shrinking core (core-shell) [14] , mosaic [15] , new core-shell [16] and domino-cascade [17] models are of interest. Moreover, extensive research into the theoretical description of chemical kinetics performed by Bazant's group [18] [19] [20] allowed authors to describe quantitatively the observed behavior of Li x FePO 4 during the lithium intercalation/deintercalation process without ad hoc assumptions made for simplified models [14] [15] [16] [17] .
There are only a few ways to overcome issues related to low conductivity of phosphoolivine. Among them: addition of the appropriate amount of carbonaceous additive, modification of the synthesis procedure, which yields flat nanocrystallites with a well-developed (010) surface, and substitution of iron by aliovalent cations are the most common [21, 22] . While there are many works proving the possibility of substitution of iron by other 3d metals [23, 24] , results obtained for Li-site substituted materials are not decisive and this issue still seems to be an open question [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . It is worth noting that for quite a long time research papers showing metallic-like properties of pure and Li-site substituted LiFePO 4 were being published [25, 27] .These experimental works were followed and supported by theoretical calculations [35] . However, finally these results were questioned, and metallic-like behavior of the samples was shown to originate from metallic phosphides and carbo-phosphides, which were present on the surface of phosphoolivine grains [37, 38] . Therefore, there is an ongoing discussion about possibility, range of substitution and influence of other cations with higher valence in lithium sublattices on the physicochemical properties of LiFePO 4 .
As already mentioned, there is a vast amount of papers devoted to Fe-site substituted materials. The conducted research concerns both, end-members with LiMnPO 4 [39] , LiNiPO 4 [40] , and LiCoPO 4 [41] compositions, as well as partially substituted LiFe 1−x M x PO 4 compounds [42, 43] . The published data shows mostly only electrochemical properties of the samples. Additionally, the available data shows no significant influence of a type of 3d metal on the values of lithium diffusion coefficient in all studied LiMPO 4 (M = Fe, Ni, Co) compositions [44] . Many authors suggest that the energy barrier for movement of M 3+ polarons in the case of LiMnPO 4 and LiCoPO 4 is higher than for LiFePO 4 , which leads to worse transport properties of these materials [45, 46] . Looking at the available literature data one notices a lack of systematic studies on the transport properties of 3d metal substituted compounds.
In this review-type paper, systematic studies, conducted by our research group are presented. . Interestingly, in the case of the whole Li 1−3x Al x FePO 4 series, apart from the main orthorhombic Pnma phase, no secondary phases were visible on XRD patterns. However, the XRD data showed low signal/noise ratio, which further decreases with increasing Al 3+ concentration, suggesting poor crystallinity of the samples and the possibility of formation of amorphous, glass-like phases. High noise level may also obscure the presence of peaks originating from secondary phases.
In the course of the studies, an experiment was performed, which could further explain the influence of concentration of lithium vacancies on the unit cell volume V of non-substituted -0.6 Å), one may assume that the observed results do not follow the anticipated trends for changes of unit cell volume of substituted materials. Therefore, other effects must be taken into account, i.e., the presence of additional lithium vacancies, and the presence of secondary phases, whose level does not permit detection during standard XRD experiments. Another reason may be related to the difference of valence and electronegativity of the dopant metals. Introduction of d-type cations into octahedral lithium sites may cause stronger Coulomb repulsion between cations, and electrons originating from ligands, which, in turn, may generate internal stress.
The investigations conducted on Li-site substituted phosphoolivine proved that the range of the formation of solid solution is strongly dependent on the valence and radii of the introduced metal and is limited. The solid solution formation range can be ordered as follows: x maxW6+ < x maxZr4+ < x maxAl3+ , with the real values being less than, respectively: x maxW6+ < 0.01, x maxZr4+ < 0.02, x maxAl3+ < 0.1. The results presented above allows us to draw conclusion that while actual substitution in the Li-sublattice by Al 3+ in phosphoolivine is likely, it also causes formation of a significant amount of amorphous phase. The solid solution range x is definitely lower than 0.1 mol·mol
, but precise determination of the limit is not possible. cations, respectively, data taken from [47] . All the results are shown for samples within the assumed range of formation of solid solution (x W6+ < 0.01, x Zr4+ < 0.02, x Al3+ < 0.1). For comparison, data for pristine LiFePO 4 is also given. Data for Li 1−3x Al x FePO 4 is taken from [48] . As indicated by results shown in Figures 6-8 , the temperature dependence of electrical conductivity for all studied samples exhibits activated character. In the case of Al 3+ -substituted materials, no significant effect of aluminum on σ values can be seen, apart from a somewhat unexpected behavior for Li 0.997 Al 0.001 FePO 4 at lower temperatures. Assuming Li substitution by Zr and W causes a decrease of electrical conductivity of the materials, however this effect may also originate from the secondary phases, whose presence is evident at higher concentration levels. Estimated values of the activation energy of electrical conductivity E a are in the 0.44-0.6 eV range, and do not differ significantly from pristine LiFePO 4 , for which a similar range of E a values was reported, dependent on the synthesis method. at room temperature. Also, the activation energy E a changes from 0.7 eV down to as low as 0.02 eV. However, critical analysis of the observed electrical properties, which were measured for a large group of substituted phosphoolivines as a function of concentration and type of introduced cation, unambiguously falsifies the hypothesis that high values of the order of 10
at room temperature are related to a bulk conductivity. This is because of the following fundamental objections:
 concentration and type of dopant have no significant influence on the values of electrical conductivity,  no critical concentration was observed, for which an effective conduction band could be created as an in Mott-type metal-insulator transition,  inhomogeneous distribution of dopant elements may also lead to high conductivity values,  the delithiation process proceeds as a two-phase type reaction, the same as in the case of insulating LiFePO 4 (see the following section).
The analysis of synthesis procedure conditions for phosphoolivine materials and the type of selected substrates lead to the conclusion that enhanced conductivity appears as a result of formation of a conduction path, due to precipitation of carbon (from organic precursors) and/or formation of a thin conduction path consisting of metallic-type iron phosphides (Fe 2 P), which appear in reductive synthesis conditions. Traces of such iron phosphides, estimated as 3-4 wt %, were detected by the surface-sensitive CEMS Moessbauer technique [49] and TEM studies [37] . It can be therefore stated [38] that conductive phosphoolivine is in fact a composite material comprising an insulating LiFePO 4 core and a non-continuous layer of conducting Fe 2 P and carbon on the surface of the grains. Iron phosphides and carbon precipitates form a conducting percolation path, which is manifested macroscopically in a form of enhanced, like metallic conductivity. Using the following substrates: Impedance spectroscopy measurements of the electrical conductivity of pristine LiFePO 4 , performed over the 300-700 K temperature range [7] , allowed the determination of an ionic and an electronic component of electrical conductivity. Both components are comparable and are of the order of 10
at room temperature. Also, the activation energies of both components are comparable and are equal to 0.66 eV and 0.63 eV for electronic and ionic conductivity, respectively. It is generally acknowledged that iron ions in the octahedral position in Li 1−x FePO 4 possess high-spin configuration: t 3 t2g (↑)e 2 g (↑)t t2g (↓) for Fe 2+ and t 3 t2g (↑)e 2 g (↑) for Fe 3+ . The energy gap E g in LiFePO 4 was determined by theoretical [51] and experimental [2] methods and is of the order of 3.8 eV. Therefore, the observed activation energy of the electronic component of electrical conductivity (0.66 eV) may be explained as the migration energy of Fe˙F e -V′ Li pairs, which form so called magnetic polarons. Studies of magnetic properties [2] confirmed the presence of such magnetic polarons and their concentration was estimated as being equal to 0.2-0.3 mol %.
As was confirmed by our studies, the effect of non-symmetrical cation mixing, which leads to the formation of complex Fe˙L i -V′ Li cations on the transport properties of LiFePO 4 leads to the conclusion that it manifests itself mainly through an increase in concentration of lithium vacancies, due to charge compensation requirements and associated changes of unit cell parameters. Therefore, it affects ionic conductivity much stronger, which can be observed as a decrease of activation energy of ionic conductivity from 0.7 eV down to 0.48-0.45 eV. This is mainly associated with an increase of unit cell parameters and volume, as well as with an increase in concentration of lithium vacancies.
Electrochemical Properties
Figures 12-14 show charge and discharge curves of selected lithium cells, in which studied, Li-site substituted phosphoolivines were used as the cathode material.
As can be seen in Figures 12-14 , charge and discharge processes present plateaux, of which voltage versus lithium anode is equal to about 3.6 V and slightly below 3.5 V, respectively. During the charging of the cell, lithium cations, together with an equal amount of electrons from t t2g (↓) level, are taken out from the cathode material, which causes oxidation of Fe . The reverse process takes place during the cell's discharge. The plateau-type character of the curves indicates a two-phase type mechanism of the cathode process and is in general agreement with predictions of state-of-the-art theoretical models [18] [19] [20] for low density current regime and in the morphology of investigated powders Simplifying, the following equation can describe the intercalation/deintercalation mechanism of phosphoolivine: was also conducted. In all cases a high-temperature solid state reaction method was applied. Figure 17 shows the dependence of unit cell parameters a, b and c, as well as the unit cell volume V of studied LiFe 1−y M y PO 4 (M = Mn, Co, Ni) materials as a function of average ionic radius of 3d metal cations Fe 1−y M y . The average radius was calculated as the weighted average using Shannon's ionic radii data for octahedral coordination, assuming +2 valence and high-spin state of 3d metals [50] . According to Vegard's law, the observed linear dependence indicates formation of solid solution in the whole range of studied compositions. In all cases, however, a and b parameters behave in a different way to parameter c. This can be justified taking into account two features of phosphoolivine-type crystal structure: stiffness of P-O bonds and placement of PO 4 tetrahedra (Figure 1 ). Along the a-axis this structure can be considered as a layered one, in which layers of MO 6 octahedra are connected by PO 4 polyanions and lithium cations [1] . Therefore, the thickness of such layers is not dependent on the size of PO 4 tetrahedra, which affects only the interlayer distance. As a result, the thickness of these layers and the corresponding unit cell parameter a will change linearly with changes of the average radius of 3d metal cations. However, PO 4 tetrahedra may affect the size of MO 6 octahedra along the b and c direction. This is caused by the fact that these tetrahedra and octahedra have common edges (along b axis) and vertices (along c axis). Substitution of iron by 3d metals which are too small would cause an unfavorably high decrease of the P-O bong length, which in pristine LiFePO 4 is already relatively short, compared to typical values of tetrahedrally coordinated P 5+ cation by O 2− anions. This effect seems to explain the observed asymmetry between compressive and tensile stresses in the substituted materials. In the case of phosphoolivine substituted by Ni, only a small decrease of the P-O bond length (decrease of parameter c) was observed, while in the case of . This suggests the existence of some additional interactions.
LiFePO 4 Substituted by Mn

Structural Properties
Substitution of iron by Cu 2+ cations is not possible over a wide range of chemical composition. For samples, in which the amount of copper did not exceed 5 mol % no additional phases were detected in the XRD patterns, however, the lack of systematic changes of unit cell parameters suggests that the range of formation of solid solutions is very narrow and does not exceed 1-2 mol %. ) initially causes a slight increase (half order of magnitude) of the values of σ for samples with y = 0.25, however, for materials with higher substitutions levels a pronounced deterioration of electrical conductivity, up to two orders of magnitude, is observed, with activation energy above 0.8 eV in some cases (Figure 21 ). metals exhibit high-spin configuration [52] . Therefore it may be written that the electronic configuration of these cations is as follows: Mn cations are situated deeper on the energy scale, about 1-1.5 eV deeper than the Fermi level, and therefore do not participate in the electrical conduction in the substituted samples. This in turn allows us to draw a general conclusion that in the case of the studied Fe-site substituted materials, the mechanism of magnetic polaron conduction is retained. Only the concentration of Fe [56] [57] [58] for Li x Fe 1−y Mn y PO 4 (0 < y < 1) confirm that reaction with lithium occurring at 3.5 V is a single-phase type, however these results show that at the 4 V range a change of the mechanism of electrode reaction into a two-phase type takes place. . For higher substitutions, a significant deterioration of the reversibility of the cathode processes is clearly visible, which can be related to the low ionic-electronic conductivity of the materials. Additionally, the determined values of the lithium diffusion coefficient are very low, of the order of 10 PO 4 material. For higher substitution levels, deterioration of the electrochemical performance owing to the low ionic-electronic conductivity of the materials, was detected.
Transport Properties
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